interannual variability in yields and considering the response of agricultural productivity to 23 climate change. We apply the dynamic global vegetation model LPJ-GUESS, which is 24 designed to simulate yield over large regions under a changing environment. Model output 25 provides the basis for selecting the relative fractions of sown areas of a range of crops, either 26 by selecting the highest yielding crop, or by using an optimization approach in which crop 27 production is maximized while the standard deviation in crop production is kept at below 28 current levels. 29
Maximizing simulated crop production for current climate while keeping interannual variability 30 in crop production constant at today's level generates rather similar simulated geographical 31 distributions of crops compared to observations. Even so, the optimization results suggest that 32 it is possible to increase crop production regionally by adjusting crop selection, both for current 33 and future climate, compared to assuming the same cropland cover as today. For future climates 34 modelled production increase is >25% in more than 15% of the grid cells. For a small number 35 of grid cells it is possible to both increase crop production while at the same time decreasing its 36 interannual variability. Selecting the highest yielding crop for any location will lead to a large 37 potential increase in mean food production, but at the cost of a very large increase in variability. 38 39 productivity under increased climate variability or adopt strategies and management practices 71 that are more risk averse, and aim to achieve consistent, but potentially lower, productivity" 72 (Matthews et al., 2013) . In theory, crops could thus be selected in order to maximize crop 73 production while keeping interannual variability in production at an acceptable level. 74
Although it must be considered that in reality, other factors also affect the selection of the 75 crops sown, such as food preferences and market drivers. 76
To study potential future changes in regional to continental and global crop production, large-77 scale agricultural models have become useful tools for predicting future changes in crop yield global change on future crop yield globally was simulated using a large number of crop 84 models (Rosenzweig et al., 2013a) . However, to date most analyses have concentrated on the 85 impact of climate on mean yields, while studies that have also investigated the effect of 86 climate change on changes in yield variability are rare. Despite often being described as tools 87 to support adaptation strategies, relatively few examples of studies in which crop models have 88 been applied to these types of questions can be found in the literature (Webber et al., 2014) . 89
The Modern Portfolio Theory (MPT) (Markowitz, 1959 ) is a theory within economics for 90 selecting a portfolio of stocks taking into account not only the monetary return of the portfolio 91 7 last 10 years (Lindeskog et al., 2013) . This approach means that the model assumes that 142 varieties with growing periods adapted to the prevailing climate are always available and 143 selected. As such, it represents the opposite approach to that commonly employed in global 144 crop models of no cultivar adaptation to climate whatsoever (e.g. Rosenzweig et al., 2013) . A 145 new sowing algorithm based on Waha et al., (2012) was also introduced where the timing of 146 sowing depends on the variability in temperature or precipitation, rather than being specified 147 from external datasets. Disturbance and mortality through extreme weather, pests and 148 deceases are presently not yet accounted for in crops. Yields of CFTs are simulated separately 149 for irrigated and rain-fed crops. Except for sowing and irrigation, crops are assumed to be 150 grown under similar conditions regarding management, nutrients and pests across all grid 151 cells in the model. 152
Modelling crop yield using LPJ-GUESS 153
Here we used the simulated rain-fed yield from the LPJ-GUESS model runs from the model 154 intercomparison study performed as a part of AgMIP (Rosenzweig et al., 2013b) . The model 155 was driven by bias corrected climate forcing data from 5 General Circulation Models (GCMs) 156 (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, NorESM1-M) 157 obtained from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive (Taylor 158 et al., 2012) . Seven of the LPJ-GUESS CFTs (Table 1) were applied in this analysis for SSA 159 (<15.5 ο N). In this paper we focused on the results using climate data from one Representative 160
Concentration Pathway (RCP 6.0) (Meinshausen et al., 2011) analysing the results for current 161 
Scaling simulated yield to observed values 168
Since the simulated output from LPJ-GUESS does not account for regional differences in 169 management actions such as fertilisation and pest control, but rather the potential response 170 due to weather/climate and atmospheric CO2 concentration, simulated yields were first scaled 171 against observed values to correct for this spatial variability. To do this a conversion 172 coefficient (k) representing the difference in simulated and reported yield was first calculated 173 for each CFT (c) and grid cell (i): 174 (Yo) were taken from the Spatial Production Allocation Model (SPAM) dataset (You et al.,9 2013 ). The SPAM dataset is a gridded product of crop yield and area compiled from a range 179 of datasets centred at the year 2000 and disaggregated to a 5 arc-minute spatial. As the spatial 180 resolution of LPJ-GUESS is 0.5 ○ we aggregated the SPAM dataset to that same spatial 181 resolution. Also, as SPAM reports wet weight, the yields were converted into dry weight 182 using crop specific values for grain/tuber water content (Wirsenius, 2000) . SPAM reports 183 yield separately for high and low input of nutrients as well as subsistence farming. As 184 subsistence farming can be said to be dominating for most parts of SSA and as this type of 185 farming is also the focus of this study, subsistence yields were selected to represent observed 186 yield in this study. 
Modern Portfolio Theory 215
The approach in this study using Modern Portfolio Theory (MPT) (Markowitz, 1959) The two variables used in MPT are the mean return of the portfolio, or in the case for crops in 220 this study, the area weighted mean yield for the total cropland area in each grid cell over the The Matlab script uses standard deviation (σ) rather than variance (σ 2 ) in the optimization, 242
and as this measure is easier to relate to for most readers we use this in both the analysis andthe presentation of the results. In addition to the thresholds for Ypf or pf  the optimization 244 algorithm requires an initial state of cropland fractions. 245
As Ypf is the area weighted yield of all crops and since the total cultivated area of crops does 246 not change over time for any grid cell, maximizing Ypf for any grid cell also means 247 maximizing the number of calories produced for that grid cell and we therefore use Ypf as a 248 measure of crop production for any grid cell i. 249
Maximizing crop production through crop selection 250
In order to study the impact of crop selection for maximizing crop production we performed 251 
Low risk (LR) 254
Here the first MPT optimization option (A) was used, that is to maximize Ypf , while 255 keeping pf 2  below a maximum threshold. This optimization represents a low risk 256 scenario where the interannual variability in crop production is not allowed to be 257 higher than simulated crop production using current cropland cover. The value of this 258 threshold is calculated using Eq. 5, based on simulated Ycal values for the current time 259 period (1996-2005) and assuming current observed cropland fractions (as described 260 above). The optimization was made for all CFTs that are currently grown in a given 261 grid cell according to the SPAM dataset. The initial state for the cropland fractions (ω) 262 for all CFTs in the optimization was assumed to be equal to the observed fractions 263 (ωo). Although the optimization is made at a grid cell level this optimization could be 264 seen as a risk aversion strategy for a farmer in a region with local markets and high 265 level of local sustenance. 266
High risk (HR) 267
As a comparison to the LR scenario we also selected the highest yielding CFT (in 268 calories) of the ones that are currently growing in each grid cell. Crop production for 269 that grid cell is thus equal to the yield of the highest yielding CFT. This optimization 270 represents a high risk scenario where the crop production is maximized without taking 271 into account climate-related interannual variability in productivity. This optimization 272 is more closely related to commercial agricultural systems where one bad harvest one 273 year can be compensated for by large harvests in "typical" years. 274
275
The optimizations were made separately for each GCM. The results below are presented as 276 the mean of all five GCMs. 277
Results 278

Optimized CFT fractions 279
By performing the two optimizations for current climate we generated different sets of 280 optimal CFT fractions (ωopt) for each grid cell, optimization and time period. The unweighted 281 grid cell mean ωopt values for current climate were compared with the observed fractions (ωo) 282 taken from the SPAM dataset (Fig. 1) . This comparison could at least partly be seen as a form 283 of validation, in a sense that it if these patterns agree there is an indication that current 284 cropland cover to some extent follows the assumptions in the optimization. The ωopt values 285 from the LR optimization were relatively similar to the ωo values, whereas for HR ωopt 286 differed greatly from ωo, with Tropical Tubers being the dominating crop in the simulated 287 case, covering nearly 60% of the crop area, rather than the ca. 20% observed (Fig. 1) 
Figure 1. Current grid cell mean CFT fractions (a) as well as optimized CFT fractions (Low 292
Risk: (b) and High Risk: (c)) for current climate. 293
Latitudinally, both ωo and ωopt (LR and HR) for the three most important groups of crops in 294 SSA (based on number of calories produced (FAOSTAT)) varied strongly ( Fig. 2) with the 295 latitudinal fraction for LR reproducing the data-based observed patterns quite well. A strong 296 positive correlation (p<0.001) was found between the latitudinal mean values of ωo and ωopt 297 for the LR-optimization (Table 2) for all CFTs except for Tropical Rice, indicating that 298 current crop selection is close to optimum calculated based on the LR scenario. As correlation 299 does not take into account the bias between predicted and observed values, the Modelling 300 Efficiency (ME) (Janssen and Heuberger, 1995) was also calculated (Table 2) . A negative ME 301 value indicates a very poor fit whereas a value close to unity indicates a good fit. Of the CFTs 302 with significant correlations between ωo and ωopt the ME values were positive for all CFTs 303 except for Temperate Pulses and Temperate Tubers (Table 2) . 304
For the HR scenario the latitudinal pattern of ωopt differed greatly from that of ωo for all CFTs 305 ( Fig. 2 and Fig. S1 ). Still, there was a significant correlation (p<0.001) between ωo and ωopt 306 for Temperate Pulses, Temperate Tubers, Tropical Tubers and Tropical Cereals (Table 2) .
However, looking at the ME, none of the CFTs generated positive values, indicating a poor fit 308 between ωo and ωopt. The ME values was smaller for HR compared to LR for all CFTs. 309 (Fig. 2 and Fig. S1 ). For 317 Tropical Rice, ωopt was much lower than ωo for the region between 15 and 25 ○ S (Fig. S1) . 318
When performing the optimizations for future climate, ωopt differed only to a relatively small 319 degree in absolute terms compared to the optimizations made for current climate. The largest 320 (Fig. 3) . Reflecting simulated yield increases in the 338 future, a result mostly in response to enhanced atmospheric CO2 levels (Rosenzweig et al., 339 2013), there was an increase in Ypf,BAU over time ( Fig. 3a; Fig. S3a-b) . (Figure S3a-b) . The largest increase in σpf,BAU occured in the same regions but 348 also for large parts of West Africa and Sudan (Figure S3c-d) . For some regions (e.g. large 349
parts of South Africa and Angola) σpf,BAU instead decreased over time (Figure S3c-d) . (Fig. S4) . The associated 357 σpf was also much higher than σpf,BAU for the majority of grid cells (with a difference >25% for 358 ~80% of the grid cells: Table 3 ) and with the median value for σpf being 110% larger than 359 σpf,BAU (Fig. 3b) . For a small number of grid cells (for current and future climate) selecting the 360 single highest yielding crop actually produced a σpf that was smaller than σpf,BAU (Fig. S5) . But 361 the number of grid cells where this difference was larger than 25% was less than 1% of the 362 total (Table 3) . 363
The Low Risk Scenario (LR) 364
For current climate, the set of assumptions made in LR meant that optimized Ypf was larger 365 than Ypf,BAU across the entire simulation domain, with the grid cell median value being ~12% 366 larger than Ypf,BAU. There was an increase over time in the grid cell median optimized Ypf (Fig.  367   3a) , but as the increase in Ypf,BAU was even larger, the relative difference of the grid cell 368 median optimized Ypf and Ypf,BAU became smaller for future climate (~5% for 2081-2090).
Patterns of change were spatially very variable. The largest potential to increase Ypf whilst 370 keeping a σpf at current level could be found in Senegal, parts of the Sahel, Tanzania, Angola 371 and parts of Mozambique and South Africa (Fig. 4a-c) . In total ~10% of the grid cells 372 displayed a Ypf that was at least 25% above Ypf,BAU for current climate, and 16-20% for future 373 climates and CO2 (Table 3) . Following the assumption that the optimization is made against 374 σpf,BAU values for current climate, and the fact that σpf,BAU increases over time for some grid 375 cells, optimized Ypf actually became lower than Ypf,BAU (Fig. 4b-c) for future climates. These 376 grid cells are mainly located in regions where σpf,BAU in crop production displayed the largest 377 increase over time (Fig. S3c-d) . For ~5% of the grid cells optimized Ypf was more than 25% 378 below Ypf,BAU for future climates (Table 3) . 379 380 Following the optimization criteria, optimized grid cell median σpf changes little over time 392 (Fig. 3b) and for current climate σpf was smaller than or equal to σpf,BAU for all grid cells (Fig.  393 S6a). Even if there was virtually no change in optimized σpf over time in absolute terms, the 394 change could be either positive or negative in relative terms compared to σpf,BAU. This resulted 395 in optimized σpf being at least 25% higher than σpf,BAU for ~5% of the grid cells and at least 396 25% lower for ~20% of the grid cells (Table 3) for future climates. The highest potential to 397 decrease σpf can be found in western Africa whereas the largest increase in the relative 398 difference of σpf compared to σpf,BAU can be found in the Sahel, Angola and parts of 399
Mozambique and South Africa (Fig. S6) . 400
401
Figure 4. Relative difference in optimized crop production compared to assuming current 402 land use fractions (BAU) for the Low Risk optimization for the time periods:1996-2005 (a),
From the results above (Table 3) it can be seen that for LR, it was potentially possible to 405 simultaneously increase Ypf by 25% and to decrease σpf by the same figure for the two future 406 time periods compared to the business as usual scenario (Ypf,BAU and σpf,BAU) for a number of 407 grid cells. However, the number of grid cells for which both these criteria were met was <1%. 408
If instead looking at the possibility to increase Ypf by 10%, whilst decreasing σpf by the same 409 magnitude, the number of grid cells for which this occurred increased to ~7%. The grid cells 410 for which it is possible to increase Ypf while at the same time decreasing σpf are mainly located 411 in the eastern parts of SSA (Fig. S7) . 412
Discussion 413
The agreement between observed and simulated relative cropland cover of the LR optimisation 414 for present-day suggests that cropland cover depends on both yield and interannual variability 415 in yield in a way that makes it possible to recreate the existing spatial patterns for a range of 416
CFTs using simulated yield with LPJ-GUESS and MPT. This pattern relies on assuming 417 simulated interannual variability in crop production of current CFTs as the acceptable level. 418
This agreement is remarkable and implies that in SSA under present-day conditions, crop 419 selection with respect to calorific value is relatively optimal on average, accounting for given 420 interannual variability in weather. Both temperature and precipitation vary notably with latitude 421 (Fig. 2) . As climate is the main driver of which CFTs are favoured regionally both in reality 422 and in the optimization it is not surprising that there is a strong correlation between the relative 423 sown areas of CFTs and climate (Table S1) (Fig. 2) . 430
The optimizations were made under the assumption that all crops were rain-fed. The reported 431 areas used in this study do however also include some irrigated crops. While for most crops 432 the irrigated area is negligible in SSA, for the two countries with the highest rice production 433 relative increase in production from selecting the highest yielding crop in their study is lower 474 than the one found in our study (HR). Their study however was confined to cereals and also 475 did not take into account any difference in dry weight and calorific contents of the differentour study compared yield of crops grown under today's existing management practices 478 (subsistence farming). Neither of the above studies (Franck et al., 2011; Koh et al., 2013 ) 479 therefore compare to our HR approach. Regardless of different approaches to estimate 480 increases in crop production, as can be seen from our results, selecting the highest yielding 481 crop generated not only a large increase in crop production compared to current crop fraction 482 but also an even larger increase in interannual variability. 483
By contrast to the HR approach, in the LR optimization, we investigated the ability to 484 increase yield for a portfolio of crops while keeping standard deviation in crop production 485 constant at the current level. We performed the analysis at the grid scale discussing the 486 potential to increase crop production at regional to continental scale, in contrast to previous 487 work that applied MPT for the selection of crop varieties more locally (Nalley et al., 2009 ; 488 Nalley and Barkley, 2010). For a range of experimental sites in Arkansas, USA the potential 489 to increase profit in rice production was up to 23% while keeping its standard deviation 490 constant (Nalley et al., 2009 ). Applying this method for different crop species rather than 491 varieties of rice and for a larger spatial area we find that it is possible to regionally increase 492 crop production by a similar figure.  493 A commonly discussed option for increasing crop production is the closing of the so-called 494 yield gap (Foley et al., 2011; Licker et al., 2010) through agricultural intensification, which 495 has been estimated for large parts of SSA to lead to yield increases of existing crops by a 496 factor of ~10 (Licker et al., 2010) . There are however large obstacles for increasing yields in 497 this manner due to high costs of fertilizers and pesticides, and lack of surface water for 498 irrigation, all of which would need to be applied (Mueller et al., 2012) . Switching from one 499 mix of crops to another to maximize crop production whilst keeping an acceptable level of 500 standard deviation in crop production, as suggested by this study, could therefore be seen as 501 an additional option to be explored to produce more calories as well as decreasing the 502 variability in the food production system. Ultimately, what is being sown is determined by 503 the individual farmer and these decisions are affected by the demand for crops locally that 504 may or may not reflect the suitability of those crops in the region. 505
It is necessary, however, to consider that from a food security perspective many other factors 506 than the generation of a large and/or stable number of calories are equally important, such as 507 access to markets and the nutritional quality and safety of food (Food and Agricultural 508
Organisation, 2013). Not getting enough calories is only one aspect of the food security 509 problem. Micronutrient deficiency is a large problem with an estimated 2 billion people being 510 affected (Tulchinsky, 2010) . Also, at the same time as many people still suffer from 511 malnutrition, obesity is a growing problem in the developing world (Godfray and Garnett, 512 2014; Steyn and Mchiza, 2014) meaning that people simultaneously can be both nutritionally 513 undernourished and obese. Our study focused on staple crops but for a fully nutritional diet 514 these foods need to be complemented by foods which may be richer in minerals, vitamins and 515 proteins (DeClerck et al., 2011) . For example, a maize based diet increases the risk for the 516 skin disease pellagra generated by vitamin B3 deficiency (Hegyi et al., 2004) . 517
By extending the simulations to future climate we simulated changes in yield taking into 518 account not only mean yield changes in future climate but also in its interannual variability. 519
Our projected crop production rates were compared against the "business as usual"-scenario 520 in which cropland fractions were assumed to be the same as today (a common assumption in 521 most modelling studies) and our results can thus be interpreted to consider some degree of 522 climate change adaptation. Model impact studies have traditionally focused on changes in 523 mean yield, ignoring the effect on interannual variability in yield. Those studies that assessed 524 changes in future interannual variability in yield (Chavas et al., 2009; Urban et al., 2012 ) 525 concentrated on a single crop species. Here we take these approaches a step further, looking at 526 the interannual variability of the total crop production and not only of single crops. Our 527 results indicate that across large parts of SSA crop selection could generate increased future 528 crop production using the same total sown areas as today without increasing the interannual 529 variability in crop production (Fig. 4b-c) . Some regions can also be identified where it is 530 possible to both increase crop production and to decrease interannual variability at the same. 531
Regions not suitable for growing crops today might become suitable in a changing climate. 532
The option to increase crop production by extending crops to new regions was however 533 beyond the scope of this paper as it would require additional analysis on potential and 534 estimated actual yields in regions where crops are currently not growing. 535
AgroDGVMss, such as the LPJ-GUESS model used in this study, have the advantage of being 536 able to simulate changes in crop production and its standard deviation over large regions and 537 based on observations. Our analysis here was made using bias corrected climate data from 5 547
GCMs and the mean results from these model runs were used. Simulated fluxes of carbon 548 using LPJ-GUESS have been shown to be highly sensitive to the choice of GCM (Ahlström et  549 al., 2012) . By contrast to simulated current yield, the standard deviation in yield was not 550 scaled against measured data as the availability of data in the SPAM database for evaluating 551 interannual variability in yield is limited. One potentially useful dataset in this regard is the 552 one recently created by Iizumi et al., (2014) which combines reported data of harvested area 553 for the year 2000, country yield statistics and satellite-derived net primary production into a 554 spatio-temporal gridded dataset of yield for a range of crops. However, two issues prevent 555 comparison of simulated yield against this dataset, grid by grid. Firstly the dataset shows clear 556 differences in interannual variability between grid cells on opposite sides of political borders, 557
i.e. yield dynamics are influenced by the reporting of national yields. Secondly, the climate 558 input data used in this study was based on GCM model runs which cannot represent the actual 559 time-series of climate variability for an individual grid. 560
In conclusion this study presents a novel approach for simulating the (climate-constrained) 561 potential to optimize crop selection in order to increase food production but at the same time 562 keeping a maximum level of interannual variability in crop production. The close 563 reproduction of the observed latitudinal fractions of most crops in the study implies that, 564 assuming current level of variability in crop production as the acceptable level, agriculture is 565 relatively close to the optimum for producing the highest number of calories. Even so, our 566 results imply that for some regions it is possible to increase the number of calories produced. 567
Based on extending the optimization to future climate assuming the same acceptable level of 568 variability in crop production, increasing regional food production appears plausible. Thus the 569 method demonstrated herein could be seen as a way to introduce climate adaptation into the 570 simulations of future crop production. 571 
